In this work, the effect of the temperature on the adsorption states of Pt(111) vicinal surface electrodes in perchloric acid is studied through a thermodynamic analysis. The method allows calculating thermodynamic properties of the interface. In this framework, the concept of the generalized isotherm and the statistical thermodynamics description are applied to calculate formal entropies, enthalpies and Gibbs energies, ∆ 0 , of the adsorption processes at two-dimensional terraces and one-dimensional steps. These values are compared with data from literature. Additionally, the effect of the step density on∆ 0 and on the lateral interactions between adsorbed species, ωij, at terraces and steps is also determined. Calculated ∆ 0 , entropies and enthalpies are almost temperature-independent, especially at steps, but they depend on the step orientation. In contrast, ∆ 0 and ωij at terraces depend on the step density, following a linear tendency for terrace lengths larger than 5 atoms. However, while ∆ 0 increases with the step density, ωij decreases. Results were explaining by considering the modification in the energetic surface balance by hydrogen, Hads, and water, H2Oads, co-adsorption on the electrode, which in turn determines the whole adsorption processes on terraces and steps.
Introduction
Electrocatalytic evolution (HER) and oxidation (HOR) of hydrogen are pivotal reactions in electrochemistry, both fundamentally and technologically, because of their relevance in important processes such water splitting/formation. During these reactions in the electrode surface, hydrogen, water and other species closely interact with surface sites of the electrode material and their properties are strongly interrelated. In fact, since first studies the involvement of adsorbed hydrogen, Hads, in the HER mechanism [1, 2] , and possibly in the This is a previous version of the article published in Surface Science. 2016, 646: 269-281. doi:10.1016/j.susc.2015. 10.003 electrochemical reactions, defects sites are often thought to be the most active sites for catalytic reactions involving bond breaking and making steps [10] .
To gain more insight into the catalytic activity at platinum surfaces, Pt single crystals can be considered as suitable models. In these surfaces, the {111} facet is modeled by a Pt(111) surface, and defect sites by its vicinal surfaces: regularly stepped single crystal surfaces with different terrace lengths, allowing the introduction of defects in a controlled approach. Two different step sites can be distinguished: those with {100} geometry and those with {110} geometry. Therefore, the study of the influence of steps, with different orientation, upon the electrochemical reactivity has become a relevant area [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .However, the understanding at microscopic scale of phenomena underneath voltammetric profiles, the distinction among different processes that could contribute to the voltammetric features and their dependence on various experimental parameters, is still far from being complete, and more work is still necessary to fully understand these simple signatures. In this sense, temperature dependence analysis of voltammetric profiles provides unique information about the electrochemical interface.
First studies on the temperature dependence of the hydrogen adsorption process on polycrystalline [4, 5] and low index single crystal [6] [7] [8] platinum electrodes employed concepts from the thermodynamic description of electrochemical cells, and introduced the concept of a generalized isotherm into the analysis to estimate thermodynamic properties of adsorption processes at metal/interfaces. Later, works employing more precise methods to characterize the interface, like the analysis based on the electrocapillary equation [20, 21, 24] , reported a good agreement with results from the generalized isotherm strategy [15, 17] .
In this paper, the temperature dependence of voltammetric profiles of stepped platinum electrodes, in contact with non-adsorbing electrolytes, is studied, and thermodynamic properties of the interface at low potentials are calculated. In this thermodynamic analysis, the generalized isotherm concept is applied to study the adsorption at both, two-dimensional terraces and one-dimensional steps. Additionally, the adsorption at steps surfaces vicinal to {111} plane are composed by close-packed {111} terraces of width equal to (n-1) or n atoms, separated by regular intervals of well-defined monoatomic steps with{110} ≡ {111}x{111} orientation, Pt(s)[(n-1)(111)x(110)] ≡Pt(s)[n(111)x(111)]), or with {100} orientation, Pt(S)[n(111)x(100)] [11, 12, 14] . Figure 1 shows positive-going voltammetric scans of Pt(776) (or Pt(s) [14(111) x(111)] ≡Pt(s) [13(111) x(110)]) and Pt(544) (or Pt(s) [9(111) x(100)]) in 0.1 M perchloric acid at 50 mV s -1 , at selected temperatures. In these experiments, the so-called isothermal configuration is employed, i.e. the RHE reference electrode is kept at the same temperature as the working electrode to avoid the formation of thermo-diffusion potentials.
Negative counterparts of voltammetric scans presented in Fig. 1 are completely symmetrical with respect to the x-axis, as corresponds to a reversible adsorption dynamics, only at low potentials (E < 0.5 V). Thus, the thermodynamic analysis in this work will be devoted to this region. As seen, cyclic voltammetric profiles (CV) for stepped surfaces vicinal to the {111} plane in non-adsorbing electrolytes, within the temperature range 283.15 to 333.15 K, are quite similar to each other, and only subtle changes are seen in the CV, especially in the low potential region. For this reason, the analysis of temperature effects in this latter region should be made with great caution. Hads, on {111} terraces is responsible for the broad pseudo-capacitive currents, while well-ordered monatomic steps give characteristic peak contributions at 0.13 V, for {110} steps, and 0.28 V vs. RHE, for {100} steps, although their origin is not entirely clear [11] [12] [13] [14] 29, 30] . Steps of {110} orientation can also be seen as {111}
steps, but the {110} notation is preferred because the voltammetric peak resembles that one for Hads at the Pt(110) basal plane [13] . At higher potentials, between 0.6 and 0.85 V, the voltammetric charge is attributed to hydroxyl formation, OHads, from water dissociation, certainly on {111} terraces [19, 23, 25] , but also possibly to step oxidation, although OHads and Oads adsorption potentials on steps still are under controversy [23, 31] . Theoretical and experimental results have suggested that OHads is less stable at steps than at terraces, because of the lack of a stable H2Oads/OHads network, while Oads could adsorb on steps at lower potentials than on terraces [31, 32] . Connecting the Hads and OHads regions, an apparent double layer region exists, where the current density is small, but not constant. 
As mentioned, the exact origin of the sharp peaks seen in the cyclic voltammogram (CV) of stepped surfaces at low potentials is unknown. Commonly, they have been attributed to Hads on step sites [11, 12, 14] , because peak potentials are constant and charge densities linearly increase with step density, in good agreement with a process where one electron is exchanged per step atom [11] [12] [13] [14] . However, because of their unusual pHdependent shift of 50 mV NHE/pH unit [22, 33] , and their sharp shape, which can be only modeled by assuming net attractive interactions between adsorbed species [30] in contrast to repulsive Hads lateral interactions on {111} terraces [15, 17, 20, 24] , it has been recently also suggested that these peaks at 0.13V and 0.28 V could be caused by competitive co-adsorption of OHads, or even adsorbed oxygen, Oads, from water dissociation at steps, through a more complex reaction scheme [33] :
This is because narrow and sharp peaks only appear on CVs under conditions of attractive intraparticle interactions [34] , or during competitive co-adsorption of interacting molecules with high adsorption energies [35] . In Eq. (1), the peak potential (on RHE scale) may in principle depend on pH if the ratio of Oads/OHads would depend on pH in a non-trivial way [33] . Nevertheless, a more simple reaction scheme, explicitly considering modifications in the double layer triggered by Hads adsorption, owing to possible changes in the inner layer of chemisorbed water, H2Oads, could also explain the pH-dependence and the sharpness of these peaks, as discussed below:
In this scheme notations 2 1 and 2 2 are used just to indicate changes in the water adlayer structure before and after the adsorption of hydrogen, because of interactions between Hads and H2Oads with, or without, desorption of water molecules. This is because, although solvent substitution by adsorbates is not usually considered in electrosorption processes [36] , the interaction between Hads and the H2Oads network already adsorbed on the electrode may strongly modify the energetic balance on the surface, which in turn may affect the whole adsorption process [31] . In this sense, results from temperature programmed desorption (TPD) experiments on Pt(111) and vicinal surfaces have shown that pre-adsorption of hydrogen, or deuterium, atoms on Pt(111) causes a stabilization of the adsorbed water on the electrode [37] [38] [39] [40] [41] , together with a small decrease in the H2Oads coverage. Conversely, on {111} vicinal surfaces it weakens the H2O-metal bonding at {110} and {100} steps and, at high coverages, also at {111} terraces [37, [42] [43] [44] . In contrast, pre-adsorption of hydrogen on Pt(100) destabilizes the adsorbed water [45] .
Thermodynamic analysis of temperature effects in the low potential region adsorption processes
Temperature effects on interfacial processes taking place at metal/solution interfaces can be well characterized by the application of a generalized isotherm, which allows determining thermodynamic properties of the global reaction of the electrochemical cell [4] [5] [6] . This is a simple, but efficient, method to estimate metal/solution thermodynamic properties of adsorption processes at Pt single crystals, in good agreement with other more precise methods, like the analysis based on the electrocapillary equation [20, 21] .Despite several of its implicit approximations, such as the assumption of the separability of a Langmuirian configurational term from the adsorbate chemical potential, the charge number in the adsorption process is equal to the charge of the adsorbing species in solution and the calculation of species coverages by integration of voltammograms at different temperatures, arbitrarily double-layer charging corrected. The full derivation of the mathematical expressions in this scheme has been already described in detail, and so, only main equations will be given here [15, 17, 20, 21] .
For the single adsorption of hydrogen, the half-cell reaction is given by:
and because the RHE electrode is employed here, the half-cell reaction on the reference electrode is:
Then, the global reaction of the electrochemical cell is:
Application of thermodynamic equilibrium conditions to these half-cell reactions [17, 20] , leads to the meanfield expression for the adsorption on two-dimensional terraces, also known as the generalized isotherm [4- 6]:
where is the potential-dependent coverage of hydrogen adsorbed on the surface, ERHE is the electrode potentials vs. RHE, F is the Faraday constant, R is the ideal gas constant, T is the temperature and
is the formal, coverage-dependent, standard Gibbs energy, given by: In the case of adsorption in one-dimensional steps, the exact solution for the statistical thermodynamics description is known, and it is given by [26] :
Note that, the only difference between Eqns. 6 and 9 for one and two-dimensional adsorptions is the expression employed to calculate the configurational entropy term, which in the case of a two-dimensional adsorption is approximated by a Langmuirian configurational expression, while for a one-dimensional adsorption it is exactly derived from statistical thermodynamics for the adsorption of interacting particles [26] . These configurational terms are explicitly subtracted from the adsorbate chemical potential in Eqns. (7) and (10) , in order to increase the linearity of ∆ , 0 vs. at low and high coverages and allow abetter estimation of all deviations from ideality, especially those ones owing to lateral interactions [17, 36, 46] .
When possible changes in the inner layer of H2Oads, because of Hads/H2Oads interactions, are explicitly taken into account (Eqn.2), and a negligible coverage of non-occupied platinum sites is considered, the expression for (E) becomes [20, 26] :
) on one-dimensional steps ( 
and Once hydrogen coverage is measured as a function of the applied potential, the value of
) can be calculated through Eqn.7 (12), or 10 (13) . By extrapolation to the zero coverage limit, the standard molar Gibbs energy of adsorption can be also calculated, according to: Step 1D
Step MFA 
In estimating equilibrium coverages of adsorbed species at low potentials and different temperatures, charge densities values, calculated by integration of CVs after subtraction of the double-layer contributions, were normalized by the corresponding surface atomic density expressed in electrical units [11, 12, 14] . As in previous works, the separation of the voltammetric current in the CV corresponding to the step and terrace contributions was done by assuming that the step site current is simply superimposed to that of the terrace sites [11, 12, 14] . Thus, these step charges are independent of any hypothesis about the double layer contribution, which is fully included in the terrace charge. In this work, because double-layer capacity values at stepped surfaces are not available, the minimum current measured in the double layer region is chosen as a constant baseline for carrying out double-layer corrections. This is clearly an approximation but, as explained above, good agreement has been found between this and other more precise methods [20, 21] .
As can be appreciated from Figs above. The possible origin of these differences will be discussed below. Now, taking in to account that:
The formal, coverage-dependent, standard entropy change, ∆ , , can be evaluated from the dependence of ∆ , on temperature, at constant coverage, Figs. 2B to 5B, as
And then, the formal, coverage-dependent, standard enthalpy change, ∆ , , can be determined as:
In addition, by extrapolating ∆ , and ∆ , to zero coverage limit, the standard molar entropy and enthalpy of adsorption can be also calculated:
when possible changes in the inner layer of H2Oads, because of Hads/H2Oadsinteractions,are explicitly considered, these Eqns. turn into [20] : for Hads is ≈ 10 J mol -1 K -1 , for 0 ≤ ≤ 0.6 ML [20] . A close look into whenE≤ 0.16 V, is due to adsorption of Hads on the {111} terrace atomic row adjacent to the step site (the border of the terraces), i.e. at the edge of the steps [16] . This adsorption is also given at Pt(s)[(n-1)(111)x(110)] surfaces, as can be appreciated inFig. 1. In this case, the adsorption on this site parallels the adsorption at {110} step sites. 
Step on Pt(776) 1D -10.5 ± 0.2 (-0.11) -3.7 ± 0.8 (-0.038) -16.5 ± 2.6 -9.6 ± 2.0 -13.3 ± 0.8
Step on Pt(776) 2D -7.8 ± 0.8 -9.0 ± 1.5 -28.0 ± 5.0 -17.6 ± 2.6 -13.0 ± 1.6
Step on Pt(544) 1D -25.6 ± 1.1 (-0.27) -3.1 ± 1.2 (-0.032) -7.9 ± 3.9 -9.2 ± 3. Step on Pt(776) (1D) θi = 0.20 ML -10.9 ± 0.2 -3.9 ± 0.3 -4.7 ± 0.4 -13.5 ± 0.1 θi = 0.80 ML -13.5 ± 0.1 5.1 ± 0.6 -13.8 ± 0. When results at steps from the 1D and 2D approximations are compared, it is found that ∆ , vs.
plotscalculated by means of the generalized isotherm, Eqn. 7 (12), show a stronger dependence on and more pronounced deviations from linearity, at low and high coverages, than similar curves obtained from the one-dimensional adsorption expression, Figs at steps, Table 2 . Contrarily, at terraces, entropic changes are less important and repulsive lateral interactions reflect the decrease in the adsorption energy at increasing coverages. Step on Pt(776) 1D -3.7 ± 0.8 -16.5 ± 2.6 -4.9 ± 0.8 1.2 ± 1.6
Step on Pt(544) 1D -3.1 ± 1.2 -7.9 ± 3.9 -2.4 ± 1.2 -0.7 ± 2.4 Terrace on Pt (776) 22.0 ± 0.7 -11.7 ± 2.2 -3.5 ± 0.7 25.5 ± 2.9 Terrace on Pt (544) 19.3 ± 3.5 -30.5 ± 11.3 -9.1 ± 3.4 28.4 ± 6.9
From UHV studies, a repulsive energy of ~28.9 kJ mol -1 for Hads on Pt(111) has been reported [48] Once thermodynamic properties of adsorptionhave been calculated, they will be compared with data fromliterature. and electric double layer effects, but higher differences are found for the adsorption at terraces. Note that, according to data in Table 4 , the adsorption of hydroxyl from water dissociation in principle could happen at steps (on Pt(533), ∆ 0 = 0.11 eV). However, this value was estimated from calculations for {110} stepped surfaces, for which a stabilization of OHads at steps from the OH/water network at terraces is anticipated. Contrarily, for {100} stepped surfaces, a destabilization of OHads at steps, because of OH/water network at terraces, is expected [32] . Therefore, approximated ∆ 0 for Pt(533) to include solvation and electric field effects in Table 4 is underestimated. [20, 21] , the entropy of the adsorptionprocess can be calculated from [20, 21] : Step on Pt (776) Table 1 
Where 2 = 435.99 kJ mol -1 is the enthalpy of dissociation of H2 [21] . Calculated values for ∆ & 2 0 and − are given in Table 5 . As can be seen, apparently, − bonds are stronger at terraces than steps on Pt(776) while it is slightly higher at steps than at terraces on Pt(544). In contrast, in UHV environment, higher differences between − bonds at steps and terraces are reported, ranging from 311 to 263 kJ mol -1 at {110} steps [49, 52] , 299 to 261 kJ mol -1 at {100} steps [52, 55] , and 281 to 293 kJ mol -1 at {111}
terraces [49, 52] .Nevertheless, if changes in the adsorption enthalpy because of water environment are considered, tabulated values at steps and terraces should increase ~15 and 3 kJ mol -1 [31] . On the other hand, the fact that the enthalpy change associated to hydrogen adsorption is positive at {110} steps strongly supports the idea that this enthalpy change is not only influenced by the chemical interaction between adsorbed hydrogen and the platinum surface. Here it is important to highlight that any double-layer contribution to values in Table 5 has been neglected, although this term only would modify calculated values for terraces, as mentioned above.
Changes in the standard molar Gibbs energy with the step density at low potentials.
In order to evaluate the effect of the step density in ∆ 
Step density 10 -6 / cm -1 interaction between neighbor step dipoles may occur [14] .In agreement, the peak shape at low potentials becomes slightly wider. At even higher step densities, this peak splits as it appears in the limiting cases of Pt(311) and Pt(110) in perchloric acid solutions for flame annealed surfaces cold in hydrogen [14] .
In contrast, results from 
Step density 10 -6 / cm Therefore, it is more probable that changes in the stable H2Oads network, and not because of Hads at steps, are responsible of the energetic changes at terraces at increasing step densities.
Additional evidence about the role of the adsorbed water adlayer in the hydrogen adsorption dynamics in electrochemical environments is suggested by noting that changes in ∆ & 2 , 0 , in Fig. 11 , follow the changes in the potential of maximum entropy (pme) at terraces at increasing step densities [18] . In this sense, the increase in the pme at terraces with high step densities increases the electric field at potentials where Hads occurs, which in turn would decrease the
attractive interactions. This is because at increasing negative potentials, water molecules would prefer the O-up configuration and the distance between the interacting oxygen and adsorbed hydrogen atoms would increase, weakening their mutual interaction [53] .
In this case, considering Eqn. 19 (21), a higher (lower) ∆ Evidence of H-bonding between Hads and H2Oads has also been suggested from surface spectroscopy studies [1, 2] . Inside this framework, the lower ∆ & 2 , 0 value reported for Pt(111) in alkaline electrolytes, ≈ 22 kJ mol -1 [15] , could be originated because of a higher pme in this electrolyte than in acid media. Indeed, considering results in Fig. 11 and Fig. 8B in Ref. [18] , in which the change in the pme associated at terraces with the step density in 0.1 M HClO4 is reported, a pme around ~0.57 V in alkaline solutions is estimated, taking into account the 0.12 V shift in the peak potentials at steps in alkaline electrolytes compared to perchloric solutions.
3.3 Adsorption of OHads, or Oads, on step sites at low potentials.
Let´s now discuss the possibility that the adsorption process taking place at low potentials at steps is not because of water and Hads co-adsorption, but it may involve the formation of OHads, or Oads. In the case of Hads and OHadsco-adsorption, Eqn. 1 becomes (34) and the Eqn. 12 for the one-dimensional adsorption, and assuming a negligible coverage of non-occupied platinum sites, would be given by 
As can be seen, the only difference between Eqns. 12 and 35 is the number of electrons transferred in the reaction, one and two, respectively. In the same way, if Hads and Oads co-adsorption is considered, Eqn. On the other hand, from a physical point of view, reaction schemes involving more than one transferred electron would imply ≤ 1.0 ML at the steps at saturation, and the decrease in should be proportional to the coverage at saturation of the co-adsorbed species and the number of transferred electrons.
Qualitatively, the possible existence of OHads, or Oads, at low potentials at steps of stepped surfaces can be assessed by calculating expected reversible potentials for reactions34 and 37. In this sense, theoretical values in Table 4 are employed and the estimated reversible potentials are reported in Table 6 . For the sake of completeness, the reversible potential for co-adsorption of Hads, OHads and Oads, through reaction 38, is also given.  S a First and second values were calculated from theoretical data from Ref. [54] and including solvation and electric field effects reported in Ref. [31] to these latter values, as in Table 4 , respectively.
b First and second values were calculated from RPBE and PBE theoretical data from Ref. [31] in Table 4, respectively.
From the reversible potential values given in Table 6 it can be seen that co-adsorption of Hads and H2Oads is the most probable process to take place at steps in acidic electrolytes, because for this process
values are reasonably in agreement with data in Table 1 .It could be said that, when calculating reversible potentials in Table 6 , interactions between species for [56] , and Ẉ − = -0.038 eV, as in Table 1 , the maximum decrease expected in , the co-adsorption of Hads and H2Oads is the most probable process to occur at {110} steps in acidic electrolytes. It would be the same in {100} steps, because of the similarity between adsorption processes at {110} and {100} steps. Here, it should be emphasized that in Table 6 calculated potentials involving OHads free energy at {100} steps are underestimated, as explained above. However, in alkaline electrolytes, because the adsorption process at steps shifts to higher potentials, co-adsorption of OHads could actually occur.
Conclusions
In the present work a thermodynamic analysis of adsorption processes in the voltammetric profile of {111} vicinal platinum surfaces at low potentials is performed and thermodynamic properties such as the formal entropies, ∆ , , enthalpies, ∆ , , and Gibbs energies, ∆ , , of adsorption processes at twodimensional terraces and one-dimensional steps are calculated. Results are interpreted in terms of the interaction between adsorbed hydrogen, Hads, and the water network, H2Oads, already adsorbed on the electrode. Calculated values show that all thermodynamic parameters:∆ , , ∆ , and ∆ , are weaker functions of temperature than coverage. In addition,formal Gibbs energies and entropies at steps are almost coverage-independent, while greater variations are estimatedat terraces.
When the effect of the step density on the standard Gibbs energy and on the lateral interactions between adsorbed species at terraces and steps is determined, it is found that that ∆ interactions in the adlayer energetic balance.
Comparing experimental results with theoretical data from literature suggest that the co-adsorption of Hads and H2Oads is the most probable process to occur at {110} steps in acidic electrolytes, and also at {100} steps, because of the similarity between adsorption processes at {110} and {100} steps. However, as the adsorption processes at steps in alkaline electrolytes shift to higher potentials, co-adsorption of OHads could occur in this latter solution and specific data are required to evaluate this possibility.
